General Disclaimer 


One or more of the Following Statements may affect this Document 


• This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 


• This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 


• This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 


• This document is paginated as submitted by the original source. 


• Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 


Produced by the NASA Center for Aerospace Information (CASI) 



NASA TECHNICAL MEMOEANTUM 


NASA TM-75290 


STUDY OP DIATOMIC MOLECULES. II. INTENSITIES 
Jean-Louis Pem^nias 


{NASA-Tf!-75290) STUDY OF DIATOMIC N78-21900 

MOLECULES. 2: INTENSITIES (National 

Aeronautics and Space Adniinistration) 27 p 

HC A03/HF A01 CSCL 20H Unclas 

G3/72 14112 


Translation of "Etude des molecules diatomlques. 
Partie II: Intenslt^s," Canadian Journal of Physics, 
Vol. 55 , 1977, p. 1775-1786 



NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
WASHINGTON, D.C. 20546 APRIL 1978 



standard title pace 



1 1 R«|ior> No. 

NASA TM-752qO 


2. Co««rnm*)M Ace*t*i*n N*. 


3. R«eipi«n('* Cs*alef No. 


4. Till* and SuLNllo 

STUDY OP DIATOMIC MOLECULES. II. INTEN- 
SITIES 


S. Ropofi Dolo 

April 1Q78 


6. Porfoimlnf Orpwtlto*ion Codo 


7. Auihor<i) jean-Louls P^rnenias , Atomic and 
Molecular Optics Laboratory, College ofl 
Sciences and Arts, Parc Valrose, 0603^ 
Nice Cedex, Prance 


S. Parfotiainp Orgonliotian Roport No. 


9, Portorminp O'tanixotlen Nomo ond Addfooo 

Leo Kanner Associates 
Redwood City, California 


9^063 


10. Work Unit No. 


1 1 . Coniroel or Gront No. 

NASw-2790 


12. Span loring Agonep Noflio ond Addrooo 

National Aeronautics and Space Admlnis- \ 
tratlon, Washington, D.C. 205^6 


1 1 3. of fl«port P«r)ad Cov«r*d 

Translation 


Id. $|«ntoring Agonep Codo 


IS. Supplomontory Noto* 

Translation of "Etude des molecules dlatomiques. Partie II: 
Intensit^s,” Canadian Journal of Physics, Vol. 55, 1977, 
p. 1775-1786 ■ 


14. Abirroet Theory of perturbations, giving the diatomic effec- 
tive Hamiltonian, is used for calculating actual molecular 
wave functions and Intensity factors involved in transitions 
between states arising from Hund’s coupling cases a,b, inter- 
mediate a-b, and c tendency. The Herman and Wallis corrections 
are derived, without any knowledge of the analytical expres- 
slor3 of the wave functions, and generalized to transitions 
betwt en electronic states with whatever symmetry and multi- 
plicity. A general method for studying perturbed intensities 
is presented using primarily modern spectroscopic numerical 
approaches. The method is used in the study of the ScO optic- 
al emission spectrum. 


17. Kay Word* (SlIocMd by Author<l)) 


It. Distribution Statomont 

Unclassified-Unlimited 


19. Saeurity Classil. (of this fOporl) I 

20, Socurity Closslf. (of ihi s pago) 

No* of Pflgos 

22. Ptica 

Unclassified 

Unclassified 




NASA-MO 















STUDY OP DIATOMIC MOLECULES. II. INTENSITIES 


Jean-Louls P^m^nlas 

Atomic and Molecular Optics Laboratory, College 
of Sciences and Arts, Parc Valrose, 0603^ Nice Cedex, Prance 

I . Introduction 

We have already had the opportunity to develop some Ideas /1775 * 
about the fine study of Intensities, In the spectroscopy of dia- 
tomic molecules [9,11]. The problems taken up essentially con- 
cern evaluation of intensity factors in hyperflne coupling, which 
is complex indeed, but pure coupling. We recently became inter- 
ested In study of the effect of a light mixture on the intensity 
factors, reduced to classical factors [ 12 ]. Spin decoupling type 
perturbations were accounted for numerically. In a rigorous manner. 

Everyone knows that this type of perturbation is neither the 
only one nor the most important one. Herman and Wallis [l4] have 
shown that, even In the states, there are nonnegllglble per- 
turbations, due to rotational-vibrational interaction. 

In fact, purely theoretically, any perturbation introduced 
into the diatomic Hamiltonian [8b] is reflected in the Intensities, 
by way of modification of the basic wave functions and, therefore, 
the matrix elements of the electric dipole moment. 

In this article, we plan to classify the different types of 
intensity perturbations and to clarify their effects, by general- 
izing the calculations of the transitions between electron states, 
of distinct multiplicity or not, and any values of A. This 
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work will be done by Integrating the calculations in a huinogenous, 
global presentation of diatomic problems, started in the preceding 
article [8b]. 

After a general examination of the intensity problem. Justi- 
fying the Interest which should be given to this field of diatomic 
spectroscopy (Section II), we Inventory and classify the various 
types of perturbations (Section III), before taking up the general 
calculation of the Herman and Wallis function [1^] (Section IV). 
Comparison of our calculations with previous results and applica- 
tion to the SCO molecule complete this study (Section V). 

II. General Examination of the Problem 
Basic Formula and Notations 


The basic formula used in the study of spectral intensities 
is given in numerous works and articles (for example Herzberg [15] 
and Tatum [22], and it can be summarized by 

( 1 ) 

/(i f) =/(v)^(i)w(i -».f) 

where ; 

f(v) is a simple function of the frequency of the transition 
from initial state 1 to final state f, in the form iiv** fcr an 
emission line and for an absorption llne_,k and k^ being con- /1776 
stants, depending on the units and experimental conditions; 

/r{±) is the number of particles in initial level 1; we shall 
not dwell on bold problems, which require rigorous determination 
[2]; it frequently is approached through a Boltzmann factor which, 
in electron spectra in particular, is retained much more as a 
good phenomenological . model , than as an interpreter of a mathemat- 
ically established statistical distribution; 

md-J-f). finally, is the square of the modulus of the matrix 
element of the operator which connects the 1 and f levels; this 


2 


operator frequently is the electric dipole moment but it can 
also be the magnetic dipole, electric quadrupole, etc., moment; 
in this study, we shall reason by using H. 

B. Sensitivity of Intensities 

It is well known that, when an elementary molecular level 
(rotational or hyperflne) is perturbed, the greatest effect fre- 
quently is concentrated on the Intensity of the corresponding 
spectral lines. More than that, in some cases, the continuity 
of the line intensities is broken, while no displacement of the line 
is detected (see, for example. Pig 3 of the study of TIN by Dunn 
et al C73) . 

For example, we consider two transitions to the same final 
level of the wave function |i>. The initial levels are perturbed, 
and we shall observe 3 and li (a>l 2 ), [a> and |ji> respectively, 
their unperturbed energies and wave functions. Notations A and 
B, |a> and |^> designate the corresponding (actual) perturbed 
energies and wave functions. The Hamiltonian of the interaction 
is written 



with c<<^, ^ and, likewise, c<<a-l2. Therefore, we are in the case 
of a slight, localized perturbation or, again. In that of a rota- 
tional-vibrational type perturbation leading to the centrifugal 
effect, or of a spin type decoupling which transforms an (a) coup- 
ling into a (ja) coupling when J Increases [8b]. It is noted that 
these examples correspond to very general, if not inevitable, 
effects . 

The problem of numerical determination of elements a, b and 
c, from experimental A and B data is now readily solved in rotational 
studies [1]. We sometimes turn back, in order to give the 
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It can be 


expansions of A and B as a function of a, and a. 
shown that r t 


-4 = a 
B - 6 


1 + + 

<j(a ~ b}^ 


b{a ~ h) b 


io(c>)] 


( 3 ) 


With E=c/(a-b) and where 0(eJ3) represents all the terms of order 
e£, 2 >n. 


Likewise, It can be seen that 

1,4 > = -i- e \h) + 

|B> = ,V[- F, |fl> + |A> + 0 (e^)!a>] ^ ^ ) 

Where ij“^=l+e*+0(e** ) . 


Thus, the observed line Intensities are, respectively, 

/a = K.V| |A/| |/l>[- 
= ATfl K.v [ I A/ I |B>p 


with jC Integrating • factors f and .r. if the theoretical unperturbed 
Intensities are noted 


/„ = A', K.v i 1 A/ I k>l' 

<; = a; k.v m a/ f 

with 

bj — A ^ A/, — Afl 


( 6 ) 

(7) 


obvious, by assuming la=^lb=i for simplification, the following is 
obtained 


/[I + 2 f, + 0 {C^)] 



i[l -- 2i: + 


( 8 ) 
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A comparison of (3) and (8) shows that the effect of the 
perturbation is of the first order of e on the intensities, while 
it is only second order on energies, hence, on the positions of 
the lines. 

C. The Experimental Counterpart 

Unfortunately, this sensitivity of the intensities is not /1777 
confined to factor m(i-+-f), which expresses the internal quantum 
structure of the molecule, but it also is found In statistical 
factor N(i), which is subject to external effects, such as pres- 
sure, temperature and mode of excitation. 

We shall not dwell on these problems which are troublesome 
in the framework of this study, but the source of numerous data 
in study of the effects of collisions, excitation and deexcitation. 

We simply say that they lead to experimental difficulties, which 
explains v;hy studies of Intensity are conducted with relatively 
rough precision in Interactions and order of perturbation, neces- 
sary to interpretation of a position spectrum [8b]. 

In the Interpretation, when the Boltzmann distribution is 
too hypothetical to preserve intact all the physical content of 
the experimental data, it often is possible to eliminate .r(l) . 

Either, in certain very particular cases (the beginning of split- 
ting), the variations are disregarded [ 9 ], or, more often, the 
work is done with relative Intensities (see, for example, [^,12]). 
Despite the mediocre precision of the data, the positive inter- 
est which this means of study offers appears here. 

Within the framework of the study we have undertaken on 
diatomic molecules, we Intend to examine the intensity problem, 
along the line of calculation of the perturbations presented else- 
where [8b]. 
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III. Intensities and Perturbations 


A. General 


In the technique of perturbation presented In Pemenlas [8b], 
we saw how the Hamiltonian H of a diatomic molecule could be reduced 
to a block-diagonal form, each block corresponding to level J of 
vibrational level y of electron state rjA, the block dimensions 
being (2S+l)x(2S+l) , where 2S+1 Is the multiplicity of state jiA. 
Level nAy thus constitutes Hilbert subspace X',,, In the 
particular form of the projection technique of J;zfrgensen [17]. 

This restriction is accompanied by modification of the base 
functions. Thus, if |y( ° )>° [n(L)ASgyfiJM> represents one function 
of type (a)j which constitutes the Initial base where the Hamilton- 
ian Is calculated, represents the corresponding function In 

the base where ji Is a block diagonal. The expression of li Is 
given by expansion by orders of perturbation, the first terms of 
which are [17] 


order '0: u„ = 
order 

order ; 2: L', = 

Y> ^o/a- being defined In Pemenlas (8b). 

The last stage of the calculation Is carried out by numerical 
dlagonallzatlon of each block nAJ. 

We then have two types of perturbation of Initial function 
external perturbations and Internal perturbations of 
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B. External Perturbations 


They correspond to perturbations of |4'('’)> by exterior 
levels or states of 

1. Vibrational Perturbations 


They are due to the effects of levels vVi on level y in the 
Interior of state nA, and they originate In the anharmonlclty of 
the oscillator and of vibrational-rotational and anharmonlc- 
rotational interactions. The effect of anharmonlclty and vibra- 
tional-rotational interaction has been studied, in the case of 
vibrational-rotational spectra, by numerous authors, the first 
of whom are Herman and Wallis [l4]. More particularly, the ro- 
tational-vibrational interaction (centrifugal effect, Femenias 
[8b]) was discussed by Bunker, in a series of articles, of which 
we only give the most recent [5l. 

2. Electron Perturbations 


They are due to the effects of the jiiA'xj levels on the uAy 
level, and they are generally disregarded in the usual intensity 
study. However, we note that they are responsible for the existence 
of "extra lines" in the localized perturbation zones and the "for- 
bidden transitions," such as the transition of ScG, re- 

cently observed by Chalek and Gole [6]. 

Indirectly, they come into play in the slight difference /1778 
which exists between one component A and another, in the mixing 
coefficients of the spin components of a state (A and S 0) 

[10,12], of which we shall now speak. 

C, Internal Perturbations 


They correspond to a mixture of different functions 
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of the substates of a xjAy mul'/lplet, during the final numerical 
d iagonal 1 zat Ion . 

This type of perturbation has the tremendous advantage that 
it can be treated in a quasl-exact manner, by using the numerical 
mixing coefficients provided by the final dlagonalization (of 
which the actual precision is not to be emphasized) and which 
takes into account the finest interactions, such as the spin-spin, 
spin-rotation, etc., interactions. An example of the treatment 
of these perturbations (of the "spin decoupling” type) is given 
by P^m^nias et al [12], 

It is quite clear that this decoupling is connected with the 
choice of If two strongly bound states ^11 and are 

treated as a complex [8b], the concepts of external and internal 
perturbations are modified, and the effect of level y on state 

on level x of state is classed in the set of internal pertur- 
bations [12], 

In what follows, we obviously are only interested in external 
perturbations, which alone present difficulties in theoretical 
treatment . 

IV. General Calculation of External Perturbations 
A. Calculation Conditions 


We shall not limit ourselves to study of the states, like 
Herman and Wallis [1^], but we shall consider the general case of 
states. Besides, our calculation will concern general 
transitions between two separate or nonseparate electron states 
alA’ and nA. On the other hand, we shall limit ourselves to 
calculation of the first order perturbation, and we shall use as 
the perturber [8b] 

r = h + A(r)LS + Bir)[K' ~ 
where y, = = 



; 

i 

• j 

i 

Disregarding the spin-rotation and spin-spin terms is due to a 
desire for clarity, and their Introduction does not raise any 
theoretical difficulty. However, we note that these interactions 
are largely negligible in such a calculation. Finally, we limit 
external perturbations to vibrational perturbations, which are the i 

only ones detectable in the present proi^lems. This explains the 
absence of hev [8b] in 

To the extent that tne problem of emission (or absorption) is 
considered in the absence of any external field, and if there is 
no interest in a particular polarization of the slit, the problem 
is reduced to evaluation of the reduced matrix element of electric 
dipole moment FJ, between the Inital level and the final level, both 
of which are perturbed, ^ ^ (i»f) [10]. This evaluation should 
be made as a function of matrix elements XI, between pure type (3) 
wave functions.* These elements have already been calculated, 
with and without nuclear spin [8a]. We use the simplest of them 
as the base, of the calculation 

M,(a, «) = </j'(i;)A'.VT'r'nT|l.V/||/i(nA.S’StnJ> ^ J 

= (- + l){2i + I)]' ' ^)<«'(;:).\'.STr'lMj//(U\.VlO 


*Just like study of the Hamiltonians [8b], evaluation of the inten- 
sities is done here in base following the convention of Hougen 
[16]. If the study concerns coupling states intermediate a-b or 
tendency c, the use of numerical mixing coefficients at the end of 
the calculation (section III C) will permit the desired intensity 
factor to.be obtained with the greatest precision, since, in fact, 
electron states which answer to cases of pure coupling are rare, 
and a mixture of components is often unavoidable. However, the cal- 
culation can be done with matrix elements M, between type .b functions, 
or type a, and b functions; this causes no difficulty, since che 
“pure" intensity factors between the classic or hyperfine coupled 
states a, a^^, ag, b, Jbgg, ^3^ have been theoretically evaluated 

[8a]. 
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where the- selection rule A2=0 of an a-*-a transition is taken into 
account. Henceforth, we designate it m( ^ ) (i;f) or ° ) (qEyJ :c,' 
£v>J» ). 

The modulus of the square of m( ^ ) (n£vJ ;n*£ y* JM gives us the 
desired intensity factor. 


B. Evaluation of Perturbed Intensity Factor 

We designate or |n(L) AS£vn^> i the wave function of 

the initial corrected first order state. It is expressed by (9) 


tH(L)AS£rO/\/>, = l«(UASEtnJA/) - • 

. + <i',l,l!r>AI + + 1) ~ + I) - I^] 

/K..(r-r,) 

X |«(L)ASIr,fiJA/> - “ “ '' ~ ^ ' 

X t«(UAS Z ~ I I | £2 - I JA/> + L(S - Z)(S + Z + 1)U - n)fj + n + IVJ’ - 

X |/1(L)A.V Z + 1 I’l n 4-1 J.V/>} 


( 12 ) 


or 


T"*zni> = |'l'""Zf 2 r> /. 


^ <;(r,, r) -t- h(c,. !•)./(./ 4- 1 ) 


_< i»- i’ 


T'"'Z£2r 




with 


-lY. Wiv r)‘[rs -f ZKS - £ 4 ')(./ -t- m.i - + d]' ' |t""z - i n - i r,> 

1 1 * > (13) 

[(s - Z)(s + z 4 - t)fJ - n){j 4 n -f m' ' i- m i i r,>i 

, ^ <r,!/»!. N + <f,|M|r>AZ 4 <f,|B|(0rS{S + I) - £2' - Z=] 

- 

'■ ' /(W(C ~ 


We shall designate all the symbols relative to th€( final state, 


Thus, reduced matrix element is given by 


<r-* tlAf|(T"'> = A/''’'(„Zri;«'ZrV'){l 4 2. I Wf,.*) -f /;U„r),/(J 4- I)]p(.„i4) 

I I ^ 

4 >■ I 4 h'U-,',v')J'(J' 4 I)] p(f.M>,')} 




/1779 
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with 




perturbations of AZ=±1 only appear in the second order In the 
matrix element. We assume 


a = ^ jOpd'i, i*'), 
ot' = 5; «'(i','.i'')p(r,C|'). 

I I ■ ^ r' 


P= y Wi’,.r)p(r,.r') 

t I 

rj ' # t 


(15) 


and we thus obtain the general form of the first order element 


A/“’(«D7; -= I + + 1) + /-|i7'(,/' +- i)j (I 6 ) 


The Intensity factor is given by 


/ 178 O 


-.r\n'LvJ;ii'^v‘J') = ■*' + 2/.p7'(J' + I)j ( 17 ) 


The expression between brackets is customarily given by F(J), 
replacing J* by J, J±l, according to the type of splitting (P, 

studied, and It is called the factor or function of Herman 
and Wallis [1^]. We note that ratios p defined In (l4) do not 
depend on In fact, by using (11), 

, A'f‘’*(«Zr,J:«Tr,7')_ </r( t )A'S Zi-/iMj;iq)ASZi-,> (I 8 ) 

P(r,, r, } - 7,1, v)' <;iU')A'STi-';mlM(LjASIr> 

In the second order of perturbation theory, the factor of 
Herman and Wallis [1^] Is much more complex, as can be foreseen 
In the expression for U 2 (9)» which Is comparable to the third 
order of perturbation theory applied to ^ [8b]. The degree of 
the polynomial of J(J+1) and _JJ (^' +1 ) , which gives ^(J), will 
Increase, and the coefficients will interpose matrix elements 
^between functions | ’1'^ ° ^Z±l> , which already appear in (13). The 
calculation, although tedious , of fers no difficulty in principle, 
but It will not be dealt vfith here. 
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V. Applications 


RiPRODUCiBiLiTy or^ 

ORIGINAL PAGE IS POOR 


We propose two applications of this general calculation: 
first, to find the relations of Herman and Wallis [14] In the 
case of a rotational-vibrational spectrum; then, to use formula 
(17) In study of an electron spectrum and more precisely verify 
that the effect of Herman and Wallis Is actually negligible. In 
the case of the (y=0 ( v=0) transition of ScO, a study of 
which has been presented elsewhere [12]. These two applications 
will essentially permit us to review a certain number of approxl 
mations and evaluations of coefficients in current usage. 


We start by evaluating coefficients ^ - aj , ^ and deflried 

in (13). 


A. Expansions and Approximate Relations 

Let the following be evaluated 

Mr - 

Function B(i') is known exactly, since 

«(,) 1 + ‘ - B,- - 4h <]■' 

2pr- 2nr. \ rj ^ r. 


(19) 


with Bg=ft/2prc^> 3=r~]^e > He is the internuciear distance at 
equilibrium [16]. Therefore, we have. In the third order of g,, 
by using (29) In Femenlas [8b] 


,, , VI, WUII/ 

' /iHd- - I ,) 


_2B^ , ,1 . 

1 - 6 r 

/icor, ^ * 

L 

'r J 

2i> . 

- + , '-c(r »• 

/I cor, • 

n' - 

1 + 6 

3fl, .2, 

■* tt 2 ^ 

r(r - 

1)]' - 




If r, = r - 1 
if r, == r + 1 
if r, r - 2 
if ft = f + 2 


( 20 ) 
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IS POOE 


= + 3/“V,! i * if* '’* = ^ 


(2C) 


where 



The same type of relation can be obtained In evaluation of /178I 
C<lfi liil v>]/[fjto(3i-j£i ) ] , by using the expansion of Ji (10). We some- 
times note here that this expansion only begins In order 3 of ^ 
and that Its coefficients are less easy to obtain by spectroscopic 
measurements ((4l) in FSm^nlas [8b]). We will have occasion to 
return to these difficulties in subsection C of this section. 

By retaining only the first term W3g_^, the following is 
obtained 


ft(u - I'l) fiw 

_ 3 u' 3 e 


/ui) 


(r + i)' 


3fio) 

_ ^ 

3/1 w 


- l){r - 2)]‘ ' 

[(V + l;{f + 2 )(v + 3)] 


= 0 


If r, = r - I 

iff, - r + 1 

If I’l — r — 3 

If L'l = r + 3 
if t’, = V ± 2 


( 21 ) 


The expansion of A(r) by powers of is noted 

A(r) = Mr,) + /<,g 4 4- A^q^ 

and, hence, we obtain, for values of a(vi ,ji) (13) 

a(v ~ 1, t’) = 

„(, + ,,,) = - + 1) + M. + + 1)]AI 

[S(S 4 - 1) - 


( 22 ) 


23) 


1+6^-. (r + 1) 
I* r * 
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oiropnilUCIBlLirY OP 


a{v ~ 2 . 1 -) tS(S + |) - _ P] j. 

a(p + 2.i.)= - + ^[S(S + 

a{v - 3.0 - 3 !^ Wi' - l)(t» - 2)]'/^|w, + A,M - ^[S(S + I) - - E^]| 

a(v + 3,0 = - + |)(f + 2)(v + 3)]'^' |u', + AyAI. - ^[S(S + 1 ) - - E^]| 


In the caFse of ^ also, the customary spectroscopic data do 
not allow coefficients Ai , ^2* ^3,... to be obtained easily. There- 
fore, we take a simple case, to evalute the term [<y i |^(r ) | v>]/[fiaj 
( v-vi ) ] (yi/v) . We know that the variation of £l with r Is expressed 
by the appearance of parameters ^ and A** in the diatomic Hamil- 
tonian [8b]. By assuming that these parameters are essentially 
due to perturbations by the two closest vibrational levels of 
y, xl“vil, and by reasoning In a similar manner f or _D , the fol- 
lowing relations are easily obtained 


y' — .v^ - Dim ( 25 ) 

- A'.V Ajtuji 

with 

= <r + lM|r> = Ut' + 1)*'^ Ml + 3.4, + I)) .v - <r -t- i|fi|r) 

' y - <r - lM|i.-> + 3.4, r = <i' - l|fllO 

Parameter Is generally unobtainable numerically, since It Is 
Included In source energy^ (8b); meanwhile. Merer [19] has 
evaluated It 

A°i^-Aj^lD (26) 

The fourth equation necessary for solution of this system Is obtained 
by using the matrix elements of the expansion of B (19), (20). We 
note that, for the y-0 levels, ^=Y=0, and system (25) Is sufficient 
for determination of ,X and x. Besides, system (25) Is also suffi- 
cient for VT^O, if ^3 is disregarded. 
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It goes without saying that these last relations are only 
to provide approximate values, which permit justification of the 
working hypotheses or to theoretically confirm some observations 
(see Section V C). They have the same mathematical value as the 
third order expansions of ^ which lead to (20) and (23). 

B. Rotational-Vibrational Spectra. The Problem of Herman and 
Wallis LlCF 


We take the case where the initial ani final electron states 
are identical, and we evaluate the various terms which occur in 
(17). For that, we use the expansions of »li) ^(j£i »li) » 
given in (20) and (23) but, also, the expansions of the spherical 
tensor components V>s(r) Uj Oxyz molecular coordinates 

[ 10 ] 


■'i = 0. ± I 


(27) 


Ratios P(vi,xlz)» defined in (I8), are then written, retaining only 
the quantum numbers of interest in this case, 

</iAr'lnJ«Ar> ”■ ~ ' <‘ 'Moo 


The arbitrary stop in expansion of the ^ term is explained, only 
by our desire to compare our results with those of Herman and 
Wallis [1^]. It is evident that, a priori, no connection exists 
between the orders of expansion of ygj A(r), B.(j:) and jjanharm* if 
it is not a power of £. 


The sequence of calculation is evident, and we give no more 
details of it. Application of the various relations (15), (20), 
(23), (28) and (17) will- permit the following result, peculiar to 
to transitions v-*-W=v+l, to be obtained without difficulty 

nS r -f 1 ./') nZ c -I- i J') I - 7'’ -t- i)' ^ (.4jAI + - { 

( ..to r, 

X [S(S -f 1) -n- - + 1)' + \)]uu + !)-/(/+ U] 

Moo ^ J 


(V + 2Hr + 

ft tor. 


J(./ 

Moo 


1 ) + 




1 )' +1) 
Poo ' 
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where can be replaced by C(w/fie.) application to the 

0-»-l and l-*2 transitions# dealt with by Herman and Wallis [14], is 
immediate, but it will not be detailed here. On the other hand, 
some remarks can be made on this subject. 

Herman and Wallis [l4] arranged their terms by increaiing 
powers of Y“2Be/u, and the preceding calculation permits these 
terms to be found, up to order y*; some y^ terms also appear in 
the present calculation. On the other hand, beside the missing y^ /17?3 
terms, the total absence of terms due to anharmonlcity (jis) can be 
noted, with a single look at expression (29), while these terms 
appear in Herman and Wallis. 

If the expansion of (17) is extended to the y^ terms, some 
purely centrifugal contributions of y^ of Herman and Wallis can 
be found but, obviously, no anharmonlc contribution. Actually, 
taking account of the terms in (17) is disputable, for these 
terms are theoretically of the second order and, therefore, they 
should only be taken Into account, if the wave functions are ex- 
panded to the second order (9). It can be verified that, in this 
case, the calculation makes the anharmonlc contributions of Herman 
and Wallis appear. 

The explanation of these phenomena is simple: in the meaning 
of the calculations presented here, the initial functions used by 
Herman and Wallis are already perturbed , because the linear and 
quadratic distortions of B are taken into account from the begin- 
ning of their calculation (Herman and Wallis [14], Eq.7). The 
perturbation Introduced by these authors is only relative to the 
terms of Jianharm B(r). Therefore, the first order of Herman 
and Wallis corresponds to a higher order of this calculation 
(actually, an order intermediate between our first and second orders). 
Besides, Herman and Wallis make terms analogous to our contri- 
butions appear in P(m) . As an example, the terms of the 

0-*-l and l->2 transitions, which is justified in their calculation, 
because their expansion is carried out by powers of y. 
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We conclude that it is Impossible to compare our orders and 
those of Herman and Wallis and that only a comparison of individual 
terms has meaning. We simply note that expression (29) f more gen- 
eral than that of Herman and Wallis, since it is applicable to any 
A multlplet for an arbitrary y, permits the first terms of the 
expansion of these authors to be found, without any previous know- 
ledge of the analytical form of the wave functions. We also empha- 
size that the spin-orbit correction constant is especially small, 
since it makes the second coefficient of the expansion of ^(r), 
come into play. Finally, and above all, we stress the fact 
that the effect of anharmoniclty only comes into play in the second 
order of perturbation theory, the essential effect of the first order 
being due to centrifugal phenomena [5]. 


The problem then arises, of knowing if It occurs for a v+y+2 
transition, where the anharmonlc effects are large [14]. A cal- 
culation similar to the preceding one permits the following to be 
obtained 


+ 2 J') = (2r + l)(2J + i)( + D(v + 
•j2£^(,v, + A,A1 - 4 f-nS(S + 1) - - I^j) + + !) - jy + I)] 


(30) 


where the angular portion deduced from (11) has been explained. 

The same remarks can be repeated here, for higher orders of Y=2Bg/w. 
For the first terms, like Herman and Wallis, we find the constant 
contribution of anharmoniclty, which occurs here in our first order. 
This order, the variation of the factor of Herman and Wallis with 
J and i’, is only due to centrifugal effects. 


The same type of calculation could be repeated without dif- 
ficulty, in the more general case, for the y^v+3, y->-y+4, etc., 
the case which happens in following the expansions of hanharm* S(c) 
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n 

I 
.1 
i 

and A(r). But, there is Interest here in adjusting the orders of I 

Herman and Wallis, since it quantitatively determines the degree ] 

to which expansion of these quantities imposes the introduction of j 

a higher order of perturbation of the wave functions. The expres- j 

sions of an arbitrary order of the most general factors of Herman 
and Wallis, therefore, can theoretically be calculated without dif- 
ficulty, unless it is the somewhat less tedious nature of the 
expansions. 

C. Electron Spectra : 

1. Franck-Condon and ”£-centrold" Factors i 

In the case of electron spectra, the problem is complicated ’ 

by the fact that the vibrational functions depend on the electron 1 

nature of each state, by means of and the location and shape of /1784 ! 
each potential energy curve. This affects the radial portion of ) 

M(0(nz^; n*£ v'J> ) in (l6), i.e., <nj (1^1 )A'^ | Us | n(L) ASEy> or j 

<n'(L*)A*v* luRln(^) Av> ( 11 ) . This element is written ■ 

<t^'i«/i'a')A'|n.(r)|„a)A»ji->= (31) j 

while remembering that the electron functions depend parametrically 
on _r [8b] and by assuming 

'<;r(i.')A'lu.(r)l«(A)A> = /?c,(r) = Component s, of the "electron tran- ^^2) 
sltlon moment." \ 

i 

To the extent that Bes^il) varies little with r, there is i 

. <,i'(Z.')AVluJ«(l)Ar> (33) I 

£vv’ being an Integral of the overlap of pure vibrational functions, 
called the Franck Condon factor [151. 5 

If it is not possible to disregard the variation of Res with 
r, it is possible to carry out a limited expansion around a value 
Therefore, the problem is to select this value. Thus, we have 
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: «„M . MO + C- - 0(5^), + (^) + - 

Consequently, ^ ^ 

‘<«'(t')A't-'lMJ«(t)Au> - R,xn<ivv + (^)/‘’> “ ^l''’> + ~ 

It seems natural enough to select a value for e, which cancels 
the first term of this expansion. Therefore, the following is 
assumed 


( 3 ^) 


(35) 


r — 




<t'jr> ’’r-centrold” of the nAr+n’A’v' transition 
This is the procedure of Halevi [13]. Therefore, 


(36) 


<i.'(A')A'V-lnJ«(t)A.;> - K JfV/..,- [ I + ( 37 ) 


with 

.'A = - "" moment of order k 

This relation, associated with formula (11) and (16), permits 
the expression of m( ^ ) ( nSyJ ;n* £ v* J’ ) In the general case, there- 
fore, also the intensity factor m( ^ ) (nZvJ:n*S v* J* ) . 

We note that, in the first order of perturbation theory, the 
last term of (12), the J^Sq^ term, does not come into play. There 
are no first order AZ/0 transitions . There is only a risk 6f”*thes^ 
transitions appearing in the second order, for type a states.^ In 
the case of a-b or Jb-b .transitions, the A2 = 0 rule is broken, by 
means of mixtures of different I functions in each state, intro- 
duced by the mixing parameters. 

^Do not confuse this effect, from the Vi?(v and y i V_v ' levels, with 
the "direct" spin decoupling effect, due to perturbations between 
the levels of diffei’ent E, but of the same value of v (or v] ) • The 
latter is accounted for directly by the mixing parameters (see 
Section III C) . 
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I 

Therefore, the calculation procedure Is theoretically simple. i 

.5 

I 

ii 

First stage: analog of the "transformation of Van Vleck" [23] ; 

or of j/argensen [17, 8b]: establishment of the expressions of wave | 

functions (13) and of matrix element perturbed in the first j 

or second order. The first order essentially causes centrifugal i 

perturbations and the second, enharmonic perturbations, as well as 
"secondary" spin decoupling effects (perturbation of the Ey level 
by a Z'yi level, E*=E±1 and yi?^y). 

Second stage: these expression still depend on values of /1785 

(i;f) and on ratios p. In which the "r-centrolds" , the Pranck- 
Condon factors and moments of order j£ come into play. As to the 
"r-centrolds," an account of their general properties Is found in 
Schamps [20]. Besides, there are numerous articles In the liter- 
ature on the "r-centrolds" of Individual molecules. The Pranck- 
Condon factors for a hundred systems of 72 diatomic molecules have 
been cataloged In McCallum et al [I 8 ]. As to moments 

they occur mainly with hydrides. ; 

f 

Third stage; matrix elements M(l;f) are now externally 
perturbed. The calculation is ended, by introducing internal 
perturbations, i.e., mixtures of components E of the y,’ level under 
study, due to "direct" spin decoupling. This last stage has been 
illustrated by Pemenlas et al [12], In the case of 1^II->X.^E and 
E->X^2 systems of ScO. I 

2 . Application to ScO 

We shall use the preceding theoretical expansion to verify 
the hypothesis we made In a preceding study of the ScO spectrum 
[12], to find out if the effects of Herman and Wallis can be dis- 
regarded In the Interval of values of J under study. Our calcu- 
lation will be carried out for the (0,0) band of the 
transition of SoO. The use of (12), (I 6 ), (21) and the notations 
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introduced in (25) gives 


i' ^ 0 J; A'-S P = 0 J) s; 


, u - 0 J\ A'^S 1’ =-• 0 J) 

* 

pO.O) J(J + I) - PC'. I'J'W + ')} 


( 38 ) 


Useful data on ScO are presented in Table 1, and they result in 
the following values 


.V i 2,5 X 10“^ cm"'; .v' a: 2.4 x 10'* cm 


,Y a; — 1.12 cm"' 


/Ui) 


at 1.45 X 10"^ cm"' ; 



1.20 X 10"^ cm" ‘ 


(39) 


We draw attention to the manner in which the anharmonlclty 
constants have been derived. Equation (ill) of FeraSnias [ 8 b] 
permits a relation among aieXe,W 3 and a«» to be obtained. We have 
disregarded W 4 and extracted W 3 . It is quite evident that the 
contribution of W 4 greatly risks being of the same order of magni- 
tude as that of ( 5 / 2 )w 3 */vuo^ ; consequently, the values obtained in 
( 39 ) for the anharmonlc effect can only be used as simple, rather 
rough orders of magnitude . 


TABLE 1. NUMERICAL DATA ON 
; S O ' MOLECULE [3,6] (cm-» ) 




State 

Pareuneter 



D 

Ai 

to. 

A'.tO, 

0.69 X 10*'' 

881.6 

5.5 

0.59 X lO"*' 

975.7 

4.2 


Numerical application results in 

: r = 07; .V*S i- = 07') = r = 0./; ,V^I r = 07){l -f7.5p(1.0) 

+ 7.2p(0, 1)]10"^ - (5.7p(l.0)7{7 + 1) + 5p(0, l)7'f7' + 1)]10"*} 


REPRODUCIBILITY OP THE 
ORIGINAL PAGE IS POOR 
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With the lack of any supplementary Information on Sc* .nd based | 

on the appearance of our spectra C21], we Increase p(j.,0) and p | 

(0,1) by 1, and the (1,0) and (0,1) bands appear slightly weaker i 

than the (0,0) band. Under these conditions, the factor of Herman | 

’4 

and Wallis becomes | 

W') == 1 - 14.7 X 10"- - \5.V{J + I) + 5/V' + 1)110’* I 


When a ratio of the line to line intensity is set up, it is 
seen in this expression that the difference between the Herman 
and Wallis factors in the numerator and denominator is on the j 

order of magnitude of the coefficients of J(^+l) and J | (J. ’ +l) | 

'i 

multiplied by at the maximum, while retaining only the largest /1786 i 
terras; therefore, if J does not exceed 50, this difference is on ? 

the order of 1% and its effect is negligible, compared with the \ 

observed spin decoupling effect (ratio on the order of ^) which 1 

explains why we have not previously taken account of P(J,^) in 
this type of study [12]. In a "temperature curve," i.e., ln(I(J)/ 
ffi('')) vs. J(J+1), where is the measured intensity of band J 

(without specifying the line) the correction to be applied. In P(sl,i!) ; 
is on the order of In 0.6, for ^=50, thus, 0.5 to the initial value, 
which is on the order of 1 for the lines under study. This effect 
is large and, accordingly, completely observable. The total lack 

I 

of deviation causes us to think that our Increase of p(l,0) and p 
(0,1) is essential and that it must not be expected that these ratios 
ratios are greater than 0.25, such a value giving a scarcely observ- j 
able (but not observed) deviation, at the limit of our measurements. 

The effect of Herman and Wallis [14] is, therefore, quite negligible ; 
in our preceding study of SbO [12]. i 

However, this latter aspect of the calculation brings out, in ■ 

a very clear way, the existing interconnection between studies of 
position and intensity, and it shows how the remarkable precision 
of numerical adjustments of frequencies can be used, to obtain 
the advantage of the great sensitivity of the intensities. To 
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minimiae the Intensity factor error permits the statistical data 
to be made more reliable, so that intensities can be derived. 

This results in a better understanding of extramolecular phenomena, 
such as excitation and collision. 

VI. Conclusion 


Our entire study has, thus, permitted us to set up a method 
of calculation of actual diatomic wave functions and intensity 
factors, which can be developed to any precision, parallel to the 
method of calculation of Hamiltonians [8b]. 

This method requires practically no prior knowledge, since 
the expansion is carried out with wave functions, the analytical 
form of which is not defined. Besides, the calculation can be 
carried out for any transition between any st tes or levels. As 
to the "mixing coefficients", required for the final calculation, 
they can be obtained rather simply, from constants derived from 
analysis of rotation, when this analysis has not been carried out 
according to actual numerical dlagonallzation techniques. 
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